Résumé. 2014 Abstract. 2014 The reduction of MoCl5 graphite intercalation compounds by heavy alkali metal vapour (potassium, rubidium and cesium) leads to the formation of complex products. The analysis of these reduced compounds indeed shows that they contain alkali metal halide inclusions and also transition metal in several two-dimensional and three-dimensional phases depending on the reducing agent. 
Introduction
Direct intercalation of transition metals into graphite has never been obtained due to their high ionisation energies and vaporization enthalpies [1] . Several studies have therefore been carried out which consist in making an indirect intercalation of these elements. The most often used method consists in reducing a metal halide graphite intercalation compound. Intercalated transition metal chlorides have a low mobility between graphene layers and are therefore usually used; alkali metals are interesting reducing agents which intercalate spontaneously into graphite, favouring the in-situ reduction of the metal chlorides and then the formation of inclusions or intercalation products. This type of reaction usually leads to products containing several phases. Vol'pin et al. [2, 3] tried for the first time in 1970 to reduce graphite intercalation compounds with transition metal chlorides using various reducing agents. In the case of molybdenum chloride compounds, they obtained a transition metal GIC characterized by an interplanar distance of 370 pm. Later, Hérold et al. [4] [5] [6] , reducing FeCI3, CoCl2 and CuCl2 graphite intercalation compounds by heavy alkali metal vapour obtained complex products containing alkali metal halide inclusions, transition metal inclusions and two-dimensional intercalated transition metal. Both the structure and the abundance of these two-dimensional phases depend strongly on the nature of the reducing agent. Moreover, the authors observed that the change from potassium to cesium provokes an increase in the abundance of the two-dimensional metal phases and a simultaneous decrease in that of the three-dimensional phases. In 1981, Novikov and Vol'pin [7] 
Results
The diffusion of heavy alkali metals between graphene layers as well as the small size of graphite particles lead to complete reduction reactions. Reduced products are very complex. Whatever the nature of the reducing agent, they are all constituted of three types of zones. The first type of zone corresponds to pure graphite areas. The second type contains three-dimensional inclusions of alkali metal chlorides which are more or less oriented with respect to the graphite. The third type contains the transition metal in the form of either two-dimensional species or threedimensional clusters, the abundance of each form depending on the nature of the reducing agent. Figure 2 presents the diffraction diagram of a MoCl5 graphite intercalation compound reduced by rubidium at 100 ° C. The strong reflexions characterized by a hexagonal symmetry correspond to the graphite network (Tab. III). As in the case of cesium chloride, only the (hkO) reflexions characteristic of the rubidium chloride are present in the form of reinforced rings. These rings have twelve reinforcements oriented with respect to the graphite spots: the reinforcements on the (200) ring are rotated at dbl5° to (100) and ( 11 b) graphite spots whereas those on the (220) ring are oriented in the directions of the (100) and (110) Figure 3 shows diffraction diagrams of a MoCI5 graphite intercalation compound reduced by potassium at 75 ° C. As in the previous cases, the strong (hk0) reflexions with hexagonal symmetry correspond to the graphite network (Tabs. IV and V). Moreover, only (hk0) reflexions of potassium chloride are visible. Their intensities are however very weak and only the first (200) reflexion is most often observed. The microanalysis also shows that the reduced product is constituted of about 50% of molybdenum and 50% of potassium; chlorine element is barely present in the sample. Amongst the three types of alkali metal chloride, potassium chloride is the most extractible in alcohol, which explains the very small quantity of this compound in the final reduced product. The significant amount of potassium element can be explained by the formation of KCg compound, resulting from the intercalation of potassium into graphite. The majority of the reduced product is composed of three-dimensional clusters of metallic molybdenum with a parameter of 314 pm as shown by the presence of a series of diffuse spots on the diffraction diagram. All the (hkl) reflexions are indeed observed: (110) and (200) spots are in the directions of (100) and (110) graphite spots. Dark field imaging using one of these (110) beams allows the observation of very small-sized metallic clusters, the diameter of which ranging from 5 to 20 nm. These clusters are homogeneously distributed in the whole sample and are well-oriented with respect to the graphite network. Another experimental evidence of the complete reduction of molybdenum chloride is given by EELS, the absorption spectra being close to that of metallic molybdenum. A small proportion of a two-dimensional phase is sometimes also observed. A series of twelve spots have been indexed in a square lattice characterized by a parameter of 395 pm. This lattice is oriented with respect to the graphite network: (10) reflexions are rotated at ±15° to (100) and (110) graphite reflexions whereas (11) reflexions are in the same directions as (100) and (110) graphite reflexions.
Concluding Remarks
The nature of the two-dimensional metal phases depends strongly on the nature of the reducing agent. Reduction by cesium leads to three distinct oriented square lattices of intercalated molybdenum with parameters of 327 pm, 350 pm and 812 pm. Reduction by rubidium gives a rectangular lattice with parameters of 396 pm and 792 pm. Reduction by potassium finally leads to a square lattice with a parameter of 395 pm. The existence of several lattices for an intercalant in the same sample is very often encountered for graphite intercalation compounds [9] . In our case, the two-dimensional lattices are not commensurate with that of graphite, there are only preferential orientations.
The nature of the reducing agent has also an effect on the abundance of these two-dimensional phases with respect to that of the three-dimensional phases. The change from potassium to cesium provokes a significant increase in the abundance of the two-dimensional phases and a simultaneous decrease in that of the three-dimensional phases. These results wholly confirm those previously obtained by Hérold et al. [4] [5] [6] concerning the reduction of FeCl3 and CoCl2 graphite intercalation compounds by heavy alkali metals and are coherent with previous works showing that the use of more or less strong reducing agents gives very different compounds [3, 10, 11] . A hypothesis that can be proposed to explain this evolution is that the bigger the alkali metal, the more separated the graphene layers and consequently the more stabilized the two-dimensional metal phases.
